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I . 


INTRODUCTION 


This paper, provides a summary of information related 
to the modulation and detection of information on optical 
carriers. It is not intended to be a thorough investigation 
of either modulation or detection, but rather to supplement 
other more detailed works by emphasizing the treatment of 
information transfer through an entire system. The summary 
looks at the most common configurations; intensity modulation, 
amplitude modulation, frequency or phase modulation, and both 
direct and coherent detection. In assessing these configur- 
ations information capacity and message signal -to-noi se ratio 
are used as a basis of comparison. 

\ 

The physical and geometric treatment of optical hetero- 
dyne (or coherent) detection is given in some detail, since 
this is the principal topic for the lecture. The advantages 
of coherent detection in the infrared are evident because the 
lack of intrinsic gain in infrared photodetectors makes thermal 
noise insurmountable. Now that coherent detection techniques 
are available, an enormous improvement in detector sensitivity 
is possible. To illustrate this point, two communication 
system concepts are compared, one using direct detection and 
a photomultiplier detector at 1.06 pm, and the other using 
coherent detection with an infrared photodiode at 10.6 pm. 
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II 


MODULATION OF OPTICAL CARRIERS 


Modulation of an optidal carrier differs from modulation 
of a radio frequency carrier primarily because of the character- 
istics and limitations of the devices used for performing the 
optical modulation. At optical frequencies many modulators are 
designed to operate directly ilipon the carrier intensity (ampli- 
tude squared of the electric field) rather than the amplitude 
of . the carrier as is common with radio frequency modulators. 

It is convenient that in direct (quantum) detection of an., 
optical signal, the amplitude of the detector current is pro- 
portional to the carrier intensity. For this reason, amplitude 
modulation of the carrier is of little interest in direct detection 
schemes. Further, its production is achievable only for extremely 
small indices and is useful only for special purposes. However, 
phase modulation, frequency modulation and polarization modulation 
are easily achieved in the optical spectrum. 

Electro-optic modulators obey the relation 

P(t) = P Q si n 2 r (t)si n 2 w c t 

where r(t) is the retardation introduced by the modulating 

voltage = r + r sinCi) t 
o m m 

w c is the optical carrier frequency 

P Q is the peak power of the laser carrier before entering 
the modulator. 

In order to be able to analyze this modulation by conventional 
means, we begin by expanding the modulating term 

s,in 2 r(t) - h [l - cos(2 P 0 ) X C (^TV)] DC term 

'■ + sin 2 r Q Jj(2r^jsin w m t fundamental 

- cos 2 r Q J 2 ( 2 r m )cos 2o) m t 2nd harmonic 

+ sin 2 r Q Jg(2r m )sin 3w m t 3rd harmonic 

etc. 

The electro-optic retardation contains the bias term r wnich 

, o 

is adjusted such t v hat with no modulation, half the power is trans- 
mitted through the modulator. The modulating term sin r(t) can 
then be approximated by 

[i + r„, sin % tj,. 




1 . Intensity Modulation 

In optical systems where an electro-optic modulator is 

/ 

used external to the laser/source the output may be either in 
the form of loss modulation at a fixed polarization or it may 
be polarization modulated. The basic form for loss (intensity) 
modulation is 

.C 

P(t) = P q /2 1 + mM(t) J sin 2 w c t (1) 

where P Q is the power of the laser carrier before entering 
the modulator 

P q /2 is the average laser carrier power out of the 
modulator (biased power without modulation) 
m is the modulation index defined as 1.0 for 100% 
modulation* 

M(t) is the message function, balanced, having maximum 

values of ± 1.0. Example: M(t) = cos w t where w 

r m m 

is the modulating frequency. 

I 

4 

It is convenient to examine the exponential form of the modu- 
lation in order to examine the various sidebands and their rela- 
tive intensities. Assuming M(t) is a periodic sinusoidal function, 

P(t) = P q /2 [l +‘m/2(e m + e m )] sin 2 W( .t. 




j 

I * Note: m is related to the electro-optic peak retardation r 

1 ^ r ID 

m - 2 Sin ( 2 r 0 )J 1 C 2 r m ) ^ r m - r m/2 + r 

I 1 




Note that \ ting' power is in the optical carrier and H is in 
the message function.. 


2 . Subcarriier Modulation 

In subdarrier modulation the basic unmodulated carrier 

i 

appears as a single tone w, intensity modulation. 

i i * 


P = P q /2 [l + mjcos WjtJ sin 2 w c t 


However, the message function is not contained in the above 
expression. Instead, the message function is multiplied With 
the carrier to form the expression 


P 0 / 2 jj. + H{1 + m 2 icos w 2 t) m i cos 


where now m 2 is the modulation; index of the message function on 
the subcarrier and m^ is the modulation index of the subcarrier 
on the optical carrier. Assuming a sinusoidal M(t) = cos a> 2 t, 
then equation (2) yields the spectrum. 



It should be noticed that h the power is in the optical carrier 


term, h the power is in the subcarrier term, and k the power is 
in the message function modulation (assuming = m 2 = 1). 


3 . Polarization Modulation 

Polarization modulation is described as modulation of 
the polarization angle by ± 45°. Two receivers channels which 



are polarization sensitive are then located at orthogonal 
polarizations such thajc half of the power enters each channel 
The modulation functio/n is defined by 


P x = P q /2 ( 1 + mM(t)Jsin 2 w c t Channel 1 


p 2 = P 0 /2 [ if mM(t)]/sin 2 o> c t 


Channel 2 


Pj and P^ may ^be right and left hand circular polarization or 
orthogonal linear polarizations. In the detection process, 
Channel 2 wi 1 1 be subtracted from Channel 1. 

The spectrum of the modulation is then identified for 
each channel as follows: . . 


3-- ' i ^ 


Channel 1 


Channel 2 



4 . Intracavity Frequency Modulation (Optical FM) 

/ • 

Looking at the classical expression for frequency modu- 
lated signal, the field is expressed as 
E(t) = E Q cos (wt + 8sinw m t). 

The spectrum terms of this signal for large deviation is given by 
the well known/ Bessel Function of the first kind 

/ 00 .11 ' 
E(t) = E oJ2 'V^ cos ( u) c + nw m^ t * 

Of practical /consideration is the fact that the average power in 
a phase or ft/equency modulated wave is constant; the sum of the 
squares of the individual Fourier components of the modulated wave 
is equal to unity. . 

F 2 00 2 
P~ [e ( t ) ] 2 - ^ 52 j 2 (6) ■--§ 

L -J -OO 

When intracavity optical frequency modulation is used, 
there are two constraints which affect the resulting modulation 

spectrum. First, the modulation index is a function of cavity param- 

* 

eters and the peak retardation, but is usually a value less than 
unity. The low value of FM modulation index differs, from the 
usual rf case where very high values are used. This results in 
most of the modulated energy being limited to the first order 
sidebands. 

Second, optical frequency modulation is" detected with optical 
heterodyne detection wh^ere a conventional i.f. amplifier is used. 

The optimization of the design of the system calls for an i.f. 
bandwidth which accommodates only the first order sidebands. 

Under these circumstances, it is convenient to have an explicit 



approximation to the "effective" modulation characteristic. 

i 

For modulation index less than 1.4, the approximate character- 

O 

istic is 3.28 (1 - 0 . 558 ),< where 8 is the conventional FM modu- 



In the optimized band-limited situation, m has a maximum value 
of about 1.5 for 8 = 1.2. Under these conditions, the signal power 
(modulated) is greater than the original carrier power, a condition 
due to the enhancement effect of frequency modulation. 

$ 

*N0TE : 8 = 

where c = velocity of light 

L = length of laser, cavity 

r a peak retardation 
m r 

f _ a highest modulating frequency 

HI * 




5 . Intra cavity Coupling Modulation 

i 

Coupling modulation is of great interest for infrared 

lasers because of the enhanced modulation effect and the nearly 

/ 

unlimited bandwi'dth capabilities of the technique. The basic • 
modulation equation is similar to that for simple intensity 
modulation. 

P = P c sin 2 r(t) 

where P c is th,e circulating power in the laser cavity rather 
than the exter/nal, output power of the laser. The enhancement 

offered by the technique is thus equal to the ratio of the cir- 

j 

culating power to the optimally coupled output power of the laser. 

For the! carbon dioxide laser at 10.6 ym, this ratio is about 10 to 1. 


The coupling parameter P/P » or mM(t), 

can be expanded as 

follows: ! 


mM(t) = P/P = sin 2 r(t) 

V 


= % [l - cos 2r(t)] 


Let r(t) = r 0 + r m sina> m t 
mM(t) = % [l - cos (2 C) JoCPT^)] 

DC term 

+ sin(2r 0 )J 1 (2r m )sinw m t 

fundamental 

/ - cos (2r o )J 2 )2r m )cos 2w m t 

2nd harmonic 

+ sin(2r 0 )J 3 (2r m )sin 3aj m t 

' 3rd harmonic 

, 

” * • • • • 

etc . 


The average power coupled from the laser is proportional to the 
first terror dc term which is dependent both upon r Q , the dc 
retardation and r m> the peak ac retardation. The first term may 
be set to zero which leaves only the even harmonics. This type 





of modulation is equivalent to double si deband-suppressed- 
carrier DSBSC modulation. Injection of a carrier at the 
receiver restores the fundamental and odd harmonics. The 
spectral terms which contain information are 



Pulse modulation is important for both radar applications 
and communications where binary information is transmitted in the 
form of pulse "1" and no-pulse "0". In this form of modulation 
modulated signal power has no meaning. Since every pulse contains 
information, there is no energy lost in carriers. The criteria 
for effective transmission of information over a system of this 
sort is the probability of detection at the receiver. The spectrum 
of a single pulse is important only in relation to the information 
rate, since pulse overlap will result in a reduction in the proba- 
bility of detection. The parameter of optical energy per pulse has 
more significance than optical power. Thus, the primary factor in 
pulse modulation is the single pulsp energy E $ . 



Ill 

1. 


DIRECT DETECTION/ AND DEMODULATION 


Direct Detection of Carr/iers 


Direct detection is defined as the direct use of electrons 
produced by ionizations of pho/tons incident on the detector. For 


example, assume ,an opytical. flux of 




£_ 




M — 4 


v 
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where P is the optical power and hv is the energy per photon. 

A signal current is produced in the detector of 

where /] is the number of ionizations per photon (quantum efficiency) 
G is the number of electrons per ionization (gain) 
e is the electronic charge 

r ff is the * ef f ecti ve temperature of the load resistance 
is the load resistance. 

5 

The gain of a photomultiplier may be 10 or higher, where a single 

photon can generate thousands of electrons and where individual 

photon events are easily detected. An avalanche photodiode may 

2 

have a gain of 10 or more. However, most infrared photodiodes 
do not have intrinsic gain. 

The optical power P above may be composed of a signal 
power P s and a background power P^. In such a case, the total 
current is 

•- lii tOsjA) ■ 


The power in.the resistor is given by 

‘ ^ = (hy)* 

% 

The noise power (shot) in the resistor is the shot noise produced 
by the direct current in the detector. 

4 '• 


Q 



F is the noise factor defined by the increase in noise intro- 
duced by the current gain process. The value of F varies for 
different types of detectors. 


F = 1 for photodiodes 
F =1.3 for photomultipliers 
F = 2 for photoconductors 
F > 2 for avalanche photodiodes. 

The load resistor also has thermal noise so that the total noise 
power in the load resistor is 1 

p = 2(Ge) i, BRF + 4kTB . 
n dc. 

Now i^in the above -equation is the total dc current in the circuit 
and is the sum of that produced by the signal flux, the background 
flux, and dark current. In this discussion, we are assuming 
the dark current to be negligible and that the main shot current 
is produced by the signal and the background flux 



The noise power in the load resistor becomes 
Pn . *il(>tT(p t + p b )&fiF + Hkr& 

1.1 Noise-Equivalent-Power CNEP)j, Thermal Limited 

The thermal limited case is that usually encountered with 
infrared photodiodes and photoconductors used in direct detection 
processes. Here the signal current generated by the optical signal 
flux must be greater than the "equivalent thermal current" in the 
ci rcui t 

defined in the relation 

, 2 , 


The thermal noise current i. in the load resistor is 

/ V 


i £R = 4ktB . 


/ . 


The thermal current is aj noise ciirrent and not a dc current. We 
now ask the question what equivalent optical noise flux <pt will 
produce the same amount/ of noise' current, i t = Again, 

the optical noise flux/is a noise modulated flux as opposed to a 

dc flux. Substituting/this expression for i + in the thermal noise 

' / 1 

equation above gives / 

4kTB c /?% *e V t 



Solving for the equivalent noise flux 




9 k TB 
R 


>16 e. 


Finally, the noise equivalent power (NEP)y is defined as h\x|> t 



(.£) 


1.2 Noi se 4 -Equi val ent-Power (NEP)g, Background Limited 

For the background limited case, the signal current must 
be greater than the shot noise produced by the dc background flux 
For a .background flux of 


(&)*. 

the dc current produced in the detector is 


dc 


= 


A 

h\S 


Now we define an equivalent noise (ac) background flux which will 
produce the same shot noise as the above dc current 


1 Ce (Pt)ac, - 
to). =. CN£fi )s 

( rt 'ac. rzr 


where 

6b'ac h-S 
Solving for (NEP)g 


(Nep) & y A p t > 


lr/6 




t 



C7) 





1.3 Noise- Equivalent-Power (NEP )<• , Signal Shot Noise Limited 

The case where signal strength is great or where background 
and thermal noise is negligible, the noise in the system is deter- 
mined by signal /shot noise. The computation of the signal shot 
noise is similar to that for background s$pi se where average signal 
flux is substituted for background f 1 ux The dc current produced 

I '■ i ^ 

in the detector by the average signal cSfrent is 


dc 


■ T s (AtA) 


where now as v/e have 

,j 5 

The signal shot noise power C N E P ) <- is thus 


said P s >> P b* 


(NEP) S '= yj2P 


q P s 


(e) 


1.4 Si gnal -to-Noi se Ratio of Unmodulated Carriers (S/N) 


dc 


In this section we have described the types of noise 
encountered in direct detection of optical signals. We now 
define what is meant by the s ; i gnal -to-noi se ratio. We define 
the (S/N) h as that for the detection of unmodulated carriers, 

(S/N), 


’dc 


. U LV 

\NEPj 


P $ is the actual optical signal power and NEP is the 


where 

hypothetical equivalent optical noise power for the three cases 
described in 1.1 through 1.3. Accordingly, these are 



Thermal limited 


Background limited 


Signal Shot limited 


General 


dc 


{ 


ft 


qGz 
hv> ^dkra 


% 




(±\ 

t \ 1 

\n)jc 

- ^ 


cl c 
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■2 
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<?&e. 
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The detection of single pulse modulation depends not on 
the NEP of the detector, but rather the number of photoelectrons 


necessary for a given detection probability 
with this requirement may be expressed as 

: < S / N > m ' n M - N s.‘ 


The (S/N) m associated 


m 


where E $ is the signal energy 

N s is the number of photoelectrons produced per pulse. 

/ * I 

Typically, for quantum Limited detection and high quantum-efficiencies. 


% 


N s * 


2 . 


15 for a probability of error =of 10 


Demodulation and Information Signal -to-Noise (S/N) 


We have shown 




m 


Section II that not all the transmitted 

■/ 


optical power contains' information and that, in fact, for intensity 

7 

modulated beams, half the opfp/cal power is in the carrier. In 
computing the information signal -to-noi se , therefore, the signal 


power P 


m 


7 

is that con/tai ned n n the information sidebands 

& /s_ V - / Y 


m 


= m 


s 


r * nA CWm 


NtPj 


where P is the power of the laser signal without modulator bias. 

v>. 

In the following list of expressions, P g remains as indicative 
of the available laser signal power available without modulation - 
or modulation bias. The information S/N expressed in this way 
serves as an excel 1 ent 'means of comparing the relative merit of 
one modulation and detection technique over another. All examples 
are signal shot limited. 


^ $ 

Intensity Modulation 




m 




s *7 


rn Z fs 


(to) 


Subcarrier Modulation 



Polarization Modulation 
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m 2 P s 


7 


m 1 f>. 


cn) 

(J9) 


c 



IV COHERENT DETECTION AND DEMODULATION 

Direct detection of optical signals is practical in photo- 
emissive devices such as photomultipliers and avalanche photo- 
diodes where large intrinsic gain permits the generation of large 
numbers of photoelectrons for each photon incident on the photo- 
surface. Photoemi ss i ve devices, however, roll off about 1 Pm 
because the energy of the photoelectrons is inversely proportional 
to the wavelength of the light and the work function of the photo- 
cathode becomes too great a barrier to permit photoemission. From 
about 1.1 pm out to the far infrared, the best optical detectors are 
semiconductor photodiodes. Direct detection of these photodiodes 
is usually thermal limited detection. 

Coherent detection is the process of mixing a local oscil- 
lator -1 aser : beam with the incoming signal beam. It has the advan- 
tages that a conversion gain is achieved through the photo electric 
mixing making the detection process quantum limited. In words, 
it can be described as a method of mixing two fields to produce 
a current proportional to the product. If one of these fields 
is the local oscillator field, it can be increased arbitrarily 
to the point where the shot noise produced°is greater than the 
thermal noise in the circuit. 

Coherent detection requires careful alignment between the 
signal field and the local oscillator field. These geometric 
considerations become critical at short wavelengths but are gen- 
erally uncritical at the longer infrared wavelengths. In practice, 
the 10.6 pm' 1 wa vel ength is ideal for the use of optical heterodyne 
detection, first because the poor performance of, direct detection 
at this Wavelength, and second because the longer wavelength makes 
al i gnment^ and phase matching feasible. 

i 

1 . Physical/and Geometrical Considerations 

The requirement of phase' matchi ng of the wavefronts of the 
signal and’ local oscillator beams wavefronts is sufficiently 
important that/ i ncl usi on of geometrical considerations with the 
physical description is necessary. We therefore describe a typical 



signal and lo/cal oscillator configuration with the geometric 
layout |on the left and the electrical equivalent circuit on 
the rigjht 



By Poynting's theorem, the 'signal power and the local oscillator 
power can be written 



The electric field can be written as the sum of the signal field 

and the local oscillator field 
— > — * — » 

' £ ~ + ^i~o 

and the current in the detector can be expressed as 


i - « & p - n% ^ t: * 


Both the signal beam and the local oscillator beam are focussed 
down on the detector surface. Each produces an electrical field 

. A’ 

distribution on the detector surface which is determined by 


c s (r) 




kr/f s 




where k is the propagation constant 

r is the distance from the center point of the detector 
F $ is the F number of the signal beam 
F-j 0 is the F number of the local oscillator beam. 



The reason for not having equal F numbers for the signal and 
local oscillator beams is evident when observing these fields 
displayed graphically. Having a larger F number for the local 
oscillator makes alignment over the Airy disc of the signal 
much less difficult. 



Another factor which must be taken into consideration is the tilt 
angle between the signal and local oscillator beams. Tilt can 
be generated either fc by misalignment of the incoming beams or by 
displacement of two parallel beams as shown below. 



The tilt angle of a produces a loss of signal current of 


lU) - 


o 2 . 77 

^ ^ h s <k_ 


Q 
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Now the time varying current in the detector at 'the i.f. fre- 
quency is 

(r') 0*3 Cl>, { 't . 


Substituting from Poynting's theorem 

l^ol 2 ' : ^Plo2c lEsH^^ol’ Yfi z 

I ° t-o *— o 





kr/hj 


- . inntt 
W f u> 


I 



I 

1 l 

The i.f., signal /power is 




L 


The shot noi s' e/ produced by the local oscillator is 

r& r* ; 2. ✓> _ -v - . Do. '>in 


i <3 


< r * c 2 e ‘cJc ^ ^ £ 

r a hv 


co 


Finally!, the carrier-to-noise ratio can be written as 





lT,ftr/Fs) 2.T,(lr/^oJ 2 IT rc)» 

J \kr/F s \ Vcr/h.,0 


9 j 

The geometric terms, L(a) and the term containing the integral, 
are equal to unity if the conditions of phase matching and beam 
tilt are met. Then the carrier-to-noise ratio in the i.f. 
becomes 

C/3) 



1 . Required Local Oscillator Power 


The condition for quantum limited operation of a heterodyne 
or homodyne receiver is that the shot noise produced in the detector 
at the i.f. frequency is sufficient to override the thermal noise 
in the i.f, amplifier. The shot noise produced by the local 
osci 1 1 ator is 


C R -- 2 e ij c 8 ^ - 


h v* 



and the thermal noise in the i.f. amplifier is 

^kre^ = HkT z «& 




where is the noise figure of the i.f. amplifier, and T g ^ 
is the noise temperature. Then we let 


2-H 6 &_&R p > ' LjkTB/Vp 
Wv 7 LO 


and the required LO power is 

p 


! I 


t-o r V e A/e- /(> q/ / 




/. 


3 * Heterodyne Conversion Gain 

There are two definitions of heterodyne conversion gain 
and each should be discussed briefly. The first of these is 
defined as the ratio^of i.f. /signal power to optical signal power 
a hybrid def i n i ti on/wi thout /iriuch meaning 


The reason the above definition is meaningless is that an 
extraordinary conversion loss is encountered in converting 
optical energy to electrical energy. For example, take any 
quantum limited detector and let the signal -to-noise ratio 
equal unity 


S/N = 



i 


solving for minimum detectable signal power P $ 



Now define conversion foss as the ratio of this signal power to 
the electrical power out of the detector 


Loss 


(2 

R (r/6 ne.) l R 


MB 




Letting B = n, A = 1 ym, R = 100, n = 0.2, the conversion loss 
is ) 

10 19 

Loss ~ 


5 

Now, even for. a photomultiplier where G may be 10 , the con- 
version loss is still 10 9 /n . What this illustrates is that 
another definition is required for conversion gain. 

The second def i ni t<i on ,'i s simply the ratio of i.f. signal 
power to the signal power one would have without heterodyne con- 
version. 

, r . r . x _ i.f. signal power 

^conversion oain; 2 direct detection signal power (electrical) 


ft R 

<*&*•?* 


(Conversion Gain) 2 = 2P^_ 



/ • 

This second definition has a special 
oscillator power to signal power. 


(,r) 


significance, relating local 


4. Demodul ati on 

Demodul a/ti on of coherent carriers has been thoroughly 

investigated in radio and microwave communications. These 

I 

techniques appjly directly to optical carriers where coherent 
detection is u/sed. For the present discussion, we will be 
concerned with 1 three specific cases. The first of these envelope 
detection of ct heterodyne signal where C/N is greater than 10. 

The second is/ product detection (homodyne) detection where any 
C/N applies. / The third is for band limited FM detection where 
only the first sidebands of the modulated signal lie within the 
i.f. passband of the receiver. The C/N regime of the FM system 
is arbitrarily chosen to be C/N > 10. 





Envelope Detection 
( Hete rodyne ) / 5 \ 

C/N > 10 



Product Detection 
( Homodyne ) 

Any C/N 





ht^B 


FM Detection 
( Heterodyne ) 

C/N > 10 

B in the above expressions is information bandwidth. 

V COMPARISON OF TWO COMMUNICATION SYSTEM CONCEPTS 

This section addresses two important system concepts in an 
attempt to compare their relative performance. One is the Nd:YAG 

1.06 ym laser transmitter using intensity modulation, polarization 
modulation and subcarrier modulation, and using direct quantum 
limited detection. The other system is the carbon dioxide laser 
transmitter at 10.6 ym using optical frequency modulation, and 
coupling modulation. The CO 2 system uses coherent detection with 
envelope detection, frequency discriminator detection, and phase- 
lock, or homodyne detection. 

One watt of transmitter power is assumed for both systems. 
The modulation index of t).,5 is assumed for intensity modulation, 
polarization modulation and'coupling modulation; and an index of 
1.4 for band-1 imi ted optical FM modulation. 

A quantum efficiency of 0.01 is assumed for the 1.06 ym 
detector whereas a quantum efficiency of 0.5 is assumed for the 

10.6 ym heterodyne detector. 

The attached 
sys tern concepts . 
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